Purpose: The purpose of this study was to assess diabetes incidence and all-cause mortality according to baseline body mass index (BMI) and to compare relative risks of mortality associated with incident diabetes across various BMI classes in a cohort of South Korean adults. Patients and methods: Based on data from the National Health Insurance database of Korean individuals aged 40-79 years without preexisting diabetes, we calculated BMI at the baseline health examination. We estimated the relative risk of mortality associated with incident diabetes using time-dependent Cox models and considering the time of diabetes diagnosis. Results: We noted 29,307 incident diabetes cases and 22,940 deaths during an 8-year follow-up of the initial cohort (n=436,692) and 73,756 incident diabetes cases and 57,556 deaths during a 10-year follow-up of the replication cohort (n=850,282). Regarding all-cause mortality, time-dependent Cox models revealed statistically significant interactions between diabetes status and baseline BMI class (P=0.018 and P<0.001 in the initial and replication cohorts, respectively). In separately conducted analyses for each BMI class, diabetes-associated relative risks for BMI values of 16.0-18.4, 18.5-22.9, 23.0-24.9, 25.0-29.9, and 30.0-34.9 kg/m 2 were 1.50 (95% confidence interval [CI], 1.09-2.07), 1.39 (95% CI, 1.26-1.54), 1.20 (95% CI, 1.08-1.35), 1.18 (95% CI, 1.07-1.30), and 0.97 (95% CI, 0.74-1.28) in the initial cohort, and 1.44 (95% CI, 1.18-1.74), 1.33 (95% CI, 1.26-1.41), 1.24 (95% CI, 1.16-1.31), 1.11 (95% CI, 1.05-1.17), and 0.99 (95% CI, 0.85-1.16) in the replication cohort. The increasing trend of relative risk with decreasing BMI persisted mostly among subgroups stratified according to age or sex and smoking status. Conclusion: Incident diabetes was associated with a greater increase in all-cause mortality risk in adults with lower BMI relative to those with higher BMI. This emphasizes the importance of treatment and prevention of type 2 diabetes among normal weight or underweight adults, particularly in Asia. Keywords: body mass index, diabetes mellitus, mortality, cohort study
Introduction
The prevalence of type 2 diabetes is rapidly increasing in Asian populations. Although increased body weight is a strong risk factor for type 2 diabetes, Asians exhibit a greater prevalence of diabetes at a relatively lower body mass index (BMI), compared to Caucasians.
1,2 A longitudinal Chinese study reported a twofold higher risk of mortality among patients with prevalent diabetes (mean BMI: 24.9±5.2 kg/m 2 ) relative to those without diabetes 3 and thus confirmed the well-known association of diabetes with excess mortality. However, a study based on the Swedish National Diabetes Register observed an overall hazard ratio for death of 1.15 among patients with prevalent diabetes (mean BMI: 29.6±5.3 kg/m 2 ), compared with controls from the general population. In that study, the hazard ratio varied markedly depending on age, glycated hemoglobin levels, and comorbidities, 4 but it remained unclear why diabetes-related mortality was much greater among the Chinese than Europeans. Studies involving patients with prevalent diabetes might be influenced by differences in baseline characteristics between patients, including the diabetes duration and related complications.
The association between body weight and mortality in patients with type 2 diabetes remains unresolved. Some studies involving diabetic patients have suggested higher mortality among normal weight patients versus overweight or obese patients. 5, 6 In a US study involving 2,625 patients with incident diabetes, the hazard ratios for all-cause and cardiovascular mortality were 2.08 and 1.52, respectively, among normal weight patients (BMI: 18.5-24.9 kg/m 2 ) compared with overweight or obese patients (BMI: ≥25.0 kg/m 2 ). 5 In contrast, a recent study involving 11,427 patients with incident diabetes yielded a J-shaped association between BMI and mortality wherein the lowest mortality rates were observed at BMI values of 23.0-24.9 kg/m 2 . 7 Furthermore, studies evaluating the additive effects of diabetes and metabolic syndrome on patient outcomes have reported inconsistent results. Some studies have shown that the comorbidity of diabetes and metabolic syndrome has a small or no additive effect on cardiovascular mortality, although both the conditions are individually and substantially associated with an increased risk. [8] [9] [10] Hence, it remains unclear whether incident diabetes has an additive effect on mortality among obese individuals, despite being very likely among underweight or normal weight individuals. However, to the best of our knowledge, no study has demonstrated whether the influence of incident diabetes on mortality is dependent on body weight status.
In the present study, we assessed the diabetes incidence and all-cause mortality according to baseline BMI and compared the relative risks of mortality associated with incident diabetes across various BMI classes in a cohort of South Korean adults registered in the National Health Insurance Service-Health Screening (NHIS-HS) database (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . These analyses were additionally replicated using the customized National Health Information Database (NHID).
Materials and methods Subjects
The NHID refers to the public database on health information for the whole population of South Korea, which is formed and maintained by the National Health Insurance Service (NHIS). 11 The database covers data from 2002 onwards and includes the reimbursement records of the NHIS as well as the results of the nationwide health examinations generally performed at 2-year intervals (Supplementary materials). Details on the NHID, including data resource profile, lists of database variables, and health examination details are published elsewhere. 12, 13 The NHIS-HS database (2002-2013) comprises population-based cohort data, which have been established using the NHID and are available for research or statistical purposes from the NHIS. 11 A total of 514,866 participants were randomly selected from among 5.15 million citizens aged 40-79 years who had undergone at least one national health examination during 2002-2003 and were followed up until December 31, 2013.
We assessed the type 2 diabetes and all-cause mortality incidences throughout the study period according to weight status. In addition to 516 participants excluded because of missing height or weight data, the following were excluded to avoid confounding of the mortality risk caused by a missing diagnosis of diabetes or preexisting conditions: 34,967 participants with diabetes, heart disease, stroke, or cancer reported during baseline examinations and 41,535 participants who developed diabetes or died before January 1, 2006. We also excluded 542 severely underweight participants (baseline BMI: <16.0 kg/m 2 ) and 614 participants with class II or III obesity (BMI: ≥35.0 kg/m 2 ). The final analysis included 436,692 participants ( Figure 1A) .
To confirm the findings of the initial cohort, we constructed the replication cohort using the customized NHID. Currently, the customized NHID is provided to researchers Clinical Epidemiology 2017:9 submit your manuscript | www.dovepress.com
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BMI, incident diabetes, and mortality after extraction and modification of data as requested. A total of 1 million participants were also randomly selected from the 5.15 million adults aged 40-79 years who had undergone health examination during 2002-2003. 14 Stochastically, about 10% of all participants were selected in both the initial and the replication cohorts. We followed this cohort through December 31, 2015, and collected NHIS reimbursement data and health examination results. After excluding 149,718 participants using the criteria described above, 850,282 participants were included in the final analysis ( Figure 1B ).
All identifying subject information was removed prior to data collection. The requirement for informed consent was waived because this study collected routinely recorded data. The Institutional Review Board of Kangwon National University Hospital approved the present study (IRB File No. KNUH-2017-02-010). ) according to the WHO classification with additional cutoff points. 15 We used the BMI category of 23.0-24.9 kg/m 2 , which included the median BMI of the study population, as a reference.
Weight status and covariates
Baseline covariates were determined from the records of health examinations performed during [2002] [2003] . The average amount of alcohol consumption was estimated as an approximate value using answers to questionnaires (drinking frequency: ≤1/month, 2-3/month, 1-2/week, 3-4/week, and almost every day; and alcohol consumption on a single occasion: ≤0.5 bottle, 1 bottle, 1.5 bottles, and ≥2 bottles of Soju, the most widely consumed alcoholic beverage in Korea), on the assumption of 60 g alcohol per bottle of Soju. Income levels were determined by income-based insurance contributions during [2002] [2003] . The variables were formatted and classified into consistent 5-year age categories (40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, or 75-79 years), sex (male or female), income level (high 30%, middle 40%, or low 30%), family history of diabetes (no or yes), physical exercise frequency (<1, 1-2, 3-4, or ≥5 days per week), smoking status (never, former, or current smoker), and alcohol consumption (men: <1, 1-4, 5-29, or ≥30 g per day; women: <1, 1-4, 5-14, or ≥15 g per day). Non-respondent categories were included for all variables.
Follow-up
Diabetes occurrence was confirmed using NHIS reimbursement records and blood glucose levels measured during 
670
Jung et al biennial health examinations. We retrieved information about antidiabetic drugs from NHIS reimbursement records using NHIS Billing Codes (Supplementary materials). Diabetes mellitus was considered in cases with at least 90 total prescription days of insulin and oral hypoglycemic agents or fasting glucose levels ≥126 mg/dL at least twice during biennial blood tests. The time of diabetes onset was defined as either the first day of fasting glucose ≥126 mg/dL or the day of the first prescription of antidiabetic drugs, whichever occurred first. The primary outcome, mortality, was confirmed throughout the follow-up using data from Statistics Korea and the NHIS database. We confirmed mortality in the initial cohort using death certificates from Statistics Korea, which were included in the NHIS-HS (2002-2013) database. Death certificates were identified using the personal identification numbers assigned to residents of Korea at birth, which were replaced with de-identified join keys. The causes of death on death certificates were coded using the International Classification of Diseases, 10th Revision. The NHIS database, including information about the date but not cause of death, was used to confirm mortality in the replication cohort.
Coronary revascularization procedures were confirmed using the NHIS reimbursement data. We captured information about procedures using NHIS Billing Codes (Supplementary materials). For some participants who repeatedly underwent coronary revascularization procedures, the day of the first procedure during the follow-up was used to calculate time to event in Cox models. We used a composite of cardiovascular death and coronary revascularization as a secondary outcome measure in the initial cohort and coronary revascularization alone as the secondary outcome in the replication cohort.
Statistical analysis
Hazard ratios for incident diabetes across the eight BMI categories were estimated using Cox regression models. Analyses were adjusted for the baseline characteristics of age, sex, family history of diabetes, income level, physical exercise, smoking status, and alcohol consumption. Stratified analyses were performed according to sex and smoking status (men who smoked/never smoked and women who never smoked) or age at baseline (40-59 and 60-79 years).
Survival was analyzed including information of the time of diabetes diagnosis. We performed time-dependent Cox regression analyses to account for transitions of some participants from non-diabetic to diabetic status during follow-up. The diabetes status split at the time of diagnosis was included as a time-dependent covariate. The analyses were conducted for all participants combined, including or excluding the interaction terms of "diabetes status" and "BMI class" to the main effects model, and were performed separately in five BMI classes to assess the effect modification of baseline BMI on the association between incident diabetes and mortality. We performed subgroup analyses stratified according to sex and smoking status or age at the baseline. All analyses were adjusted for the baseline characteristics of age, sex, family history of diabetes, income level, physical exercise, smoking, and alcohol consumption.
In addition, we estimated 1-year mortality rates according to diabetes status and baseline BMI. To do that, we re-estimated the relative risks of mortality compared to the reference group (participants without diabetes and a BMI of 23.0-24.9 kg/m 2 ), entering the variable with 10 status combining two diabetes status and five BMI classes as a time-dependent covariate in Cox models. To obtain uniformly age-standardized mortality rates in person-years, we multiplied the relative risks by the mean of the eight age-specific mortality rates of the reference group. Age-specific mortality rates were obtained by dividing the number of deaths by the number of person-years of outcome observation. The number of deaths and person-years were separately calculated according to diabetes status even in participants who developed incident diabetes.
We also analyzed diabetes-associated mortality in models that included participants who reported having diabetes or developed diabetes before 2006, to assess whether prevalent diabetes affects mortality differently from incident diabetes. We analyzed cardiovascular event rates as the secondary outcome and repeated the analyses in models further adjusted for time-averaged (continuous) values of blood pressure and serum cholesterol. In addition, we analyzed hazard ratios for all-cause mortality and cardiovascular events across baseline BMI categories in models with different covariate subsets.
Statistical analyses were performed using SAS ( version 9.4; SAS Institute, Cary, NC, USA) and SPSS ( version 23.0; IBM Corporation, Armonk, NY, USA); both the software packages were confirmed to yield the same results. 
Results
Baseline characteristics of the study cohorts
Diabetes incidence across BMI categories
We evaluated the association between baseline BMI and diabetes incidence in participants without preexisting diabetes. . Cox regression models adjusted for baseline characteristics showed that the incidence of diabetes increased progressively as the baseline BMI increased above 20, irrespective of sex and smoking status ( Figure 2A and Supplementary materials). The increased risk of diabetes at higher BMIs was somewhat attenuated among elderly participants (age at baseline, 60-79 years; Figure 2B ).
All-cause mortality associated with incident diabetes
During the 3.41 million and 8.24 million person-years of outcome observation, 22,940 and 57,556 deaths were noted in the initial and replication cohorts, respectively. We estimated the relative risk of all-cause mortality associated with incident diabetes using time-dependent Cox models while accounting for the time of diabetes diagnosis. Overall, the relative risks were 1.24 (95% confidence interval [CI], 1.17-1.31) in the initial cohort and 1.21 (95% CI, 1.17-1.25) in the replication cohort. The interaction of diabetes status with baseline BMI class had a statistically significant effect on all-cause mortality risk in the initial and replication cohorts (P=0.018 and P<0.001, respectively).
When time-dependent Cox analyses were conducted separately in each baseline BMI class, the relative risk of all-cause mortality associated with incident diabetes increased progressively as the baseline BMI decreased ( Figure 3 ; Table 2 ). These association trends persisted in most subgroups when stratified analyses were conducted according to age or sex and smoking status.
We also analyzed the diabetes-associated relative risk of mortality in models that included participants with preexisting diabetes. The overall relative risks of mortality associated with any (prevalent or incident) diabetes were 1.57 (95% CI, 1.52-1.61) and 1.55 (95% CI, 1.52-1.58) in the initial and replication cohorts, respectively. In the analyses conducted in each BMI class, the relative risk again increased progressively as the BMI decreased (Supplementary materials). Notes: Hazard ratios and 95% confidence intervals in men who smoked, men who never smoked, and women who never smoked (A) and in middle-aged and elderly participants (B) were estimated using Cox regression models. Because the proportion of women who smoked was small, analyses for women were restricted to those who never smoked (A). Hazard ratios for incident diabetes in the initial cohort was similar to those in the replication cohort as shown in Supplementary materials. The reference category was body mass index of 23.0-24.9 kg/m 2 . Hazard ratios were adjusted for the baseline characteristics of age, family history of diabetes, income level, physical exercise, and alcohol consumption (A); or further adjusted for sex and smoking (B). 
Men who smoked
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BMI, incident diabetes, and mortality Diabetes-associated relative risks of mortality according to baseline BMI are also presented as 1-year mortality rates ( Figure 4 and Supplementary materials). The 1-year mortality rate was highest in participants with diabetes and lower BMIs, irrespective of age or sex and smoking status. The absolute difference in mortality rates between the diabetic and nondiabetic participants was larger among elderly participants, whereas the relative risk was greater among middle-aged participants than elderly participants.
Additional analyses
When we analyzed cardiovascular event rates as the secondary outcome, the diabetes-associated relative risk for coronary revascularization was greater among participants Figure 3 Adjusted relative risks of all-cause mortality associated with incident diabetes in each baseline body mass index class. Notes: Relative risks and 95% confidence intervals among all participants (A), men and women who never smoked (B), men who smoked (C), and middle-aged and elderly participants (D) were estimated using time-dependent Cox models, while accounting for the time of diabetes diagnosis. Analyses for men and women were separately performed among those who never smoked, to avoid the potential confounding effect of smoking on the association of incident diabetes and weight status with all-cause mortality (B). Because the proportion of women who smoked was small, analyses for smokers were performed in men only (C). Subjects without diabetes at each time point served as the reference. Relative risks were adjusted for the baseline characteristics of age, family history of diabetes, income level, physical exercise, and alcohol consumption (B and C); or further adjusted for sex and smoking (A and D). 
Discussion
In this large cohort study of Korean adults, we evaluated the diabetes incidence and all-cause mortality according to weight status (ie, BMI). We observed that the diabetes incidence increased progressively with the baseline BMI and that the incident diabetes was associated with an increased overall risk of mortality. We found that the relative risk of mortality associated with incident diabetes was greater among participants with a lower BMI, reflecting the epidemiologic evidence suggesting a more harmful effect of type 2 diabetes on mortality in normal weight or underweight adults versus overweight or obese adults. Notes: *Relative risks were estimated using time-dependent Cox models, while accounting for the time of diabetes diagnosis. Subjects without a diabetes diagnosis at each time point served as the reference. The analyses were adjusted for the baseline characteristics of age, sex, family history of diabetes, income level, physical exercise, smoking, and alcohol consumption. **Person-years were separately calculated according to diabetes status even in participants who developed incident diabetes. Abbreviations: BMI, body mass index; CV events, cardiovascular events; NHIS-HS, National Health Insurance Service-Health Screening; 95% CI, 95% confidence interval.
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BMI, incident diabetes, and mortality
In the present study, ~50% of the cases of incident diabetes involved normal weight or underweight participants, and the risk for incident diabetes increased sharply and progressively from a BMI of 20 kg/m 2 . Among Asians (including Koreans), the risk of type 2 diabetes is known to increase as the BMI increases, 16 although the risk shifts to lower BMI values. Asians would have a higher prevalence of diabetes relative to Caucasians at the same BMI. 17 In addition, we observed that all-cause mortality increased in the lowest and highest BMI categories (Supplementary materials). Such U-shaped associations between BMI and mortality were similarly observed in the USA, European, and East Asian cohorts. [18] [19] [20] [21] However, the risk of cardiovascular (particularly coronary) events was greater among participants with higher BMIs compared to those with lower BMIs, even after adjusting for possible confounders. Overweight may be a standalone risk factor for atherosclerotic cardiovascular morbidity.
Figure 4
All-cause mortality rates according to diabetic status and baseline body mass index (BMI). Notes: All-cause mortality rates among all participants in the initial (A) and replication (B) cohorts and among men and women who never smoked and men who smoked (C) and among middle-aged and elderly participants (D) in the replication cohort were estimated by multiplying the relative risks by the mean of age-specific mortality rates of the reference group. Relative risks were estimated using time-dependent Cox models, while accounting for the baseline BMI and the time of diabetes diagnosis. The participants with a baseline BMI of 23.0-24.9 kg/m 2 and without diabetes at each time point served as the reference. The analyses were adjusted for the baseline characteristics of age, family history of diabetes, income level, physical exercise, and alcohol consumption (C); or further adjusted for sex and smoking (A, B, and D) .
Absence of diabetes
All subjects in initial cohort When we analyzed diabetes-related relative risk of mortality in each BMI class, the extent of increased mortality risk associated with incident diabetes was larger among participants with lower BMIs (Figure 3) . The 1-year mortality rate, shown in Figure 4 , was highest in diabetic participants with lower BMIs, indicating that among participants with lower BMIs, the greater mortality risk of diabetics compared with non-diabetics resulted from increased risk following incident diabetes rather than from low risk in non-diabetic participants with lower BMIs. These support the suggestion that incident diabetes has a more harmful effect in normal weight or underweight adults than overweight or obese adults.
On the other hand, some studies involving diabetic patients reported that the risk of mortality was lower among obese diabetics than their normal weight counterparts. 5, 6 Those reports have triggered arguments regarding the paradoxical protective effects of obesity among diabetic patients. 22 When we compared 1-year mortality rates across BMI classes among only participants who developed incident diabetes, the mortality rate was greater in underweight or low-normal weight patients and similar in obese or overweight patients, compared with high-normal weight patients (Figure 4 ). This indicates that the greater relative risk of mortality associated with diabetes among persons with lower BMIs can appear as paradoxically decreased relative risk of mortality associated with obesity among persons with diabetes. However, contrary to the results of previous studies, we compared mortality risks between participants with diabetes and those without diabetes in each BMI class and investigated incident diabetes that developed in participants without diabetes at baseline. We observed different diabetes-related relative risks of mortality across BMI categories, which derived from increased risk following incident diabetes in participants with lower BMIs, rather than from decreased risk following weight gain in participants with diabetes. Our current findings suggest that the obesity paradox results from the more harmful effects of diabetes in individuals with lower BMIs, rather than the protective effects of obesity.
It remains unclear why diabetes-related relative risk of mortality is greater among adults with lower BMIs compared to those with higher BMIs, and several hypotheses could be proposed. First, sarcopenia is defined as the age-associated loss of skeletal muscle mass and function. 23 As the amount of skeletal muscle mass correlates positively with BMI, 24 sarcopenia may be common among adults with low BMIs. In addition, several studies have demonstrated an association of type 2 diabetes with sarcopenia, although the underlying mechanisms remain unclear. 25, 26 Hence, the occurrence of diabetes would worsen preexisting sarcopenia in participants with low BMIs. Sarcopenia has also been associated with increased mortality, 27 and therefore, diabetes-related worsening of sarcopenia might additively increase mortality among participants with low BMIs. Sarcopenic obesity has been defined as the presence of both reduced muscle mass and high body fat. 28 In a cohort study involving diabetic patients, a larger waist circumference was found to be associated with increased mortality, and a normal BMI was found to be associated significantly with increased mortality relative to a high BMI even after adjusting for waist circumference, suggesting that excess mortality was attributable to both high body fat and low lean body mass in patients with diabetes. 5 Type 2 diabetes is characterized by both insulin resistance and dysfunctional insulin secretion. High BMI or obesity is a strong risk factor for insulin resistance and type 2 diabetes. However, impaired insulin secretion also increases the risk for type 2 diabetes, particularly in Asians, [29] [30] [31] and may cause type 2 diabetes at low BMI values. The relative insulin deficiency may impair glucose utilization in muscle and adipose tissues and increase muscle and fat breakdown, as occurs in type 1 diabetes. 32 Therefore, incident diabetes might lead to reductions in obesity and muscle mass, and the benefits of fat loss would at least partially offset the risks of muscle loss in participants with high BMI (which is correlated with a greater muscle mass).
One strength of our study was the use of the NHIS-HS database and customized NHIS health information data. This database consists of information about the reimbursement of patients receiving medical care under insurance coverage, as well as the results of biennial health medical examinations for most citizens aged ≥40 years. 12, 33 All Korean citizens are required to join the NHIS, and all claims regarding medical care expenses are recorded. Therefore, the databases include information from large population-based cohorts and facilitate the reliable identification of diabetes, death, coronary revascularization, and other covariates. To our knowledge, ours is one of the largest cohort studies involving incident diabetes. We identified 103,063 cases of incident diabetes using standard diagnostic criteria -prescribed medication for increased blood glucose levels or fasting blood glucose measurements of ≥126 mg/dL -which are the preferred parameters in epidemiological surveys. Moreover, we calculated BMI using measured heights and weights, rather than self-reported values which are frequently used in large-scale cohort studies. Self-reported values are less reliable, as most individuals tend to over-report their heights and underreport their weights. However, the present study had certain limitations. Although all insured Korean citizens are required to undergo biennial medical health examinations, some participants did not undergo regular health examinations. Among the survivors in each 2-year period, 65.8%, 71.0%, 75.9%, 78.8%, 76.5%, and 78.9% underwent follow-up examinations in 2004-2005, 2006-2007, 2008-2009, 2010-2011, 2012-2013, and 2014-2015 , respectively (Supplementary materials). Moreover, we could have missed some cases of diabetes, as 2-h blood glucose or glycated hemoglobin levels were not measured. However, as we confirmed diabetes using both reimbursement and health examination records, the possibility of a missed diagnosis or bias due to a loss to follow-up was minimized. In addition, we could not assess diabetes-related mortality according to the cause of death. The statistical power was not sufficient to perform an analysis for each cause in each BMI class, and information about the causes of death was not available for the replication cohort. Finally, it may be difficult to generalize our findings to other racial and ethnic populations, as the present study only included participants who resided in Korea.
Conclusion
In conclusion, incident diabetes was associated with a greater increase in mortality in participants with lower BMIs compared to those with higher BMIs, reflecting the epidemiologic finding that type 2 diabetes more negatively affects mortality in normal weight or underweight adults than overweight or obese adults. Our findings can explain the obesity paradox observed among diabetic patients and emphasize the importance of type 2 diabetes treatment and prevention in normal weight or underweight adults, particularly in Asia.
